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The high success of the “uncertified” mass spectrometry spectral collection started in 1956
demonstrated qualitatively that a partial reference mass spectrum, even one measured
routinely, can be of real value. Correct matchings were still possible despite reference errors,
which almost never led to close matches that were incorrect. This study shows quantitatively
that the number of different compounds, not the number of peaks in a spectrum, is by far the
most important determinant of database efficiency for identifying a “global” unknown. A
statistical evaluation of matching performance shows that only 6, 12, and 18 peaks in a
reference spectrum are 13%, 67%, and 96%, respectively, as valuable as hundreds of peaks.
Also, a separately measured second spectrum of the same compound is 50% as valuable as the
first. Database expansion that tripled the number of possible wrong answers only reduced the
proportion of correct identifications by 5%. Corrections of a mass or abundance error in each
of six reference spectra increase the database matching performance by as much as the
addition of one spectrum of a new compound. A new “matching quality index” based
statistically on these values indicates that the largest database is also by far the most effective
for matching unknowns. (J Am Soc Mass Spectrom 1999, 10, 1229–1240) © 1999 American
Society for Mass Spectrometry
Dedication
Professor Akira Tatematsu of Meijo University inNagoya, Japan, who passed away on February 14,1999, was a critical driving force in the interna-
tional cooperative collection of reference mass spectra,
as well as a pioneer in the utilization of mass spectrom-
etry for structural characterization of natural products
and pharmaceutically important compounds. During
his 1972 sabbatic year at Cornell, he personally checked
approximately 5000 spectra as part of the incorporation
into the Wiley database of the large cooperative collec-
tion initiated by Japanese mass spectrometrists. It is an
honor to dedicate this study to his memory.
Introduction
Next to chromatography, mass spectrometry (MS) is
the analytical instrumentation of highest world-wide
sales. For many years one of the most important mass
spectrometry applications has been the routine, efficient
identification of unknown compounds at trace levels,
primarily utilizing electron ionization (EI) mass spectra.
The unusually high information content of an EI mass
spectrum, versus spectra from other molecular analyti-
cal methods, makes it unusually useful for computer
classification of even a “global” unknown (one for
which no prior structural information is available) into
a small compound class [1]. The structural specificity of
mass spectrometry within this class depends on the
limits of mass spectrometry for structural characteriza-
tion as well as the quality of both the database [2, 3] and
the computer algorithm [4–8]. For larger molecules, a
unique structure cannot be predicted with certainty; the
degree to which mass spectrometry has, or has not,
defined the structure should be determined by a skilled
interpreter [1]. As a final check, a mass spectrum (or
other structural characterization) of the predicted com-
pound should be measured under the same conditions
as that of the unknown. However, the worldwide need
for identification of unknown mass spectra is far be-
yond the capabilities of all available interpreters; for
most unknowns the matching program output is used
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directly. Obviously the success of this identification
process is critically dependent on database quality [9–11].
An extensive perspective on qualitative database
criteria has been established over many years [4–6, 9,
12–15] that found the number of compounds to be more
important than the extent of error checking or the com-
pleteness of spectra. On the latter, however, the inclu-
sion of spectra from the scientific literature has been
criticized recently [10, 11]: “these partial spectra contain
insufficient information for compound identification by
spectrum matching” [11]. In contrast, this study devel-
ops a quantitative measurement of database quality that
completely supports the historical database criteria.
Historical
Reference Mass Spectra
A half-century ago the American Petroleum Institute
(API) started a database of reference mass spectra [16].
These were, of course, obtained by electron ionization;
this was the only such technique until chemical ioniza-
tion became available two decades later. However,
although the many new ionization methods have been
invaluable for introducing large nonvolatile molecules,
EI is still almost the only method that produces odd-
electron molecular ions; their dissociation yields frag-
ment ions that are much more characteristic of molecular
structure than does the dissociation of even-electron
ions [1]. Most of the API spectra were used as quantita-
tive references for hydrocarbon mixture analysis, with
the ion source temperature of the Consolidated Electro-
dynamics Corp. (CEC) 21-103 instrument controlled so
that relative peak abundances could even be repro-
duced to 61% between laboratories. A smaller database
on McBee “Keysort” cards [17] was distributed by CEC;
this had a far higher proportion of nonhydrocarbon
compounds. However, in 1956 these two databases
totaled ;1500 spectra, with only a small proportion as
common commercial chemicals.
In some mass spectrometry laboratories the qualita-
tive identification of unknown compounds was becom-
ing more important than quantitative hydrocarbon mix-
ture analysis, so that the national mass spectrometry
organization, American Society for Testing Materials
Committee E-14, formed a subcommittee for the collec-
tion of reference mass spectra (FWM, then at the Dow
Chemical Co., served as chair for a number of years).
The participating laboratories had a common reason for
not contributing to the API collection: “the quality of
our spectra does not meet their standards.” This prob-
lem was bypassed by calling the E-14 spectra “uncerti-
fied.” A high proportion of “organic” mass spectrom-
etrists of that time participated in this effort, which by
1963 expanded the total number of spectra to .4000
(2000 from Dow [18]). A similar collection effort was
spearheaded by Professor Einar Stenhagen in Europe; a
collaboration between him and FWM produced a
bound volume collection of 6800 spectra in 1969 distrib-
uted by Wiley–Interscience [19]. A further international
collaboration with Japan was led by Professors Tate-
matsu and Tsuchiya.
After a decade of development [20], instruments that
directly coupled a gas chromatograph (GC) to a mass
spectrometry instrument became commercially avail-
able. In the late 1960s this produced a spectacular
expansion in the number of spectra measured for un-
known identification, as well as the development of
several algorithms for both matching and interpretation
of these mass spectra (for a thorough 1976 review, see
[12]). The concomitant demand for more comprehen-
sive databases has been partially met by further Wiley
releases of 1974 (the Registry of Mass Spectral Data) with
19,000 spectra [21], 1978 with 41,000 [22], 1982 with
73,000 of 62,000 compounds [15, 23], 1989 with 140,000
of 107,000 compounds [14], 1994 with 229,000 of 198,000
different compounds [2], and, to be released in 1999,
one with ;310,000 spectra of ;270,000 different com-
pounds. In cooperation with the National Institutes of
Health and the Environmental Protection Agency, the
National Bureau of Standards (now the National Insti-
tute of Standards and Technology, NIST), released
databases in 1978 with 26,000 spectra [24], 1981 with
34,000 [24], 1987 with 54,000 [25], 1992 with 75,000 of
62,000 compounds [3], and 1998 with 129,000 of 108,000
different compounds [3]. The 1989 combined Wiley/
NBS printed collection of 112,272 compounds contained
73,978 Wiley spectra, 6117 NIST spectra, with the bal-
ance from both collections [26]. The combined 1999
Wiley/NIST collection will have approximately 370,000
different spectra of 300,000 different compounds. The
median molecular weight for the Wiley 229,000 data-
base is 267.
Most smaller databases have been incorporated into
the Wiley and/or NIST databases. For example, the
Chemical Concepts database [27] of 40,000 spectra was
originated at the Max Planck Institute for Coal Research
by Dieter Henneberg and is now owned by Wiley. Of
these spectra, 33,000 (counting 1233 TNO-Chemical
Concepts spectra) were included in the NIST 1998
edition; 4000 of these were in the 1994 Wiley [2] release.
Database Quality Improvements
For unknown identification, the 1956 mass spectrom-
etrists recognized that full utilization of the API refer-
ence mass spectra with quantitative abundance accu-
racy demanded the same stringent experimental
requirements for measurement of the unknown spec-
trum. Achieving this was impossible on the new types
of instruments and sample introduction systems that
had differing degrees of mass discrimination. However,
it was found that unknown and reference spectra with
much wider variations in abundance values could be
successfully matched because of the high uniqueness of
the mass information; then a quantitative abundance
comparison could be made by measuring a spectrum of
that reference compound under the identical instru-
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ment conditions used for the unknown. Corrections to
reference spectra were often submitted by users who
measured a spectrum of the same compound; however,
it was usually far easier (and more diplomatic) just to
add their second spectrum to the database. Not only
could any future users decide for themselves which
spectrum is better, but computer retrieval should result
in a higher matching score for the better spectrum of the
correct compound.
Thus the best reference spectrum of compound A for
identifying unknown A in your laboratory is one run
under your experimental conditions, even though the
best A reference spectrum for another lab could well be
a different one with more or less peaks, or even more or
less errors. Recognizing this, it was standard practice to
include all spectra of the same compound in the uncer-
tified collection and its expanded Wiley versions [2,
18–23]. NIST abandoned its restriction of one spectrum
per compound in 1992 [3].
Concerted error-correction efforts for each Wiley
release were also made by the research groups of
Stenhagen, McLafferty, and Tatematsu and his Japanese
colleagues [28]. At the same time, Eric Proskauer,
former head of Interscience Publishing, persuaded the
Wiley authors to start a journal that published contrib-
uted mass spectra of high quality [29]; each spectrum
was reviewed by two independent experts. In three
years the “Archives” published only 1100 spectra before
termination in 1972. The high cost of certified quality
ruined sales; the 1974 publication of 19,000 uncertified
spectra [21] was highly successful.
The API collection asked that standardized condi-
tions be used to measure reference spectra with the CEC
21-103 instrument. Similar EPA requirements were pro-
posed again in 1975, this time demanding that a stan-
dard compound’s peak abundances from the measuring
instrument match reference values measured on a
Finnigan quadrupole [30]. By 1982, 1400 such reference
spectra had been measured under government contract
at a cost of $243 per spectrum [31]. The abandonment of
this proposal was due both to cost and the fact that the
great majority of analytical mass spectrometers could
not produce the required reference spectrum. However,
most skilled interpreters realized that full utilization of
this abundance reproducibility also required careful
control of all unknown measurements, and that this
was not superior to the conventional practice of mea-
suring later a reference spectrum of the predicted
compound under the same conditions (those of their
own laboratory) used for the unknown spectrum.
The first 32,000 spectra of both the NIST and Wiley
collections were the same. These were sorted and
checked at Cornell by the McLafferty group, with
approximately 4000 additional corrections made there.
Since then, a steady stream of corrections has been
submitted to the Wiley database by users and have been
found by in-house efforts; a total of 20,000 corrections
were made to the 1983 collection [15], increasing this to
40,000 for the 1989 database [14] and 50,000 in 1994 [2].
An intensive NIST correction program started in 1988
resulted [10] in ;15,000 deleted or corrected spectra in
the 1998 NIST collection [3].
Automated Matching and Interpretation of
Unknown Mass Spectra
The Zemany method that used McBee Keysort cards
(coding the molecular weight and six peak masses) [17]
expedited searching the 1950s database for spectra
containing the peak masses of the unknown, but such
hand sorting became difficult for the expanding num-
ber of cards. Later that decade, digitizing these data on
Hollerith punch cards made possible the first machine
searching of the mass spectrometry database (4000
spectra) using an IBM collator [32]. Sixten Abrahams-
son, co-author of the 1969 Wiley database [19], presaged
the modern era by digitizing these spectra for a mag-
netic tape version of the Wiley database to use with his
1967 matching algorithm on a “modern” computer [33].
The availability of these digital reference data helped
inspire a variety of algorithms that aided in both
matching (attempting to retrieve the identical com-
pound from the database) and interpretation (attempt-
ing to identify structural features of the unknown if it is
not identified with confidence in the database). Early
popular algorithms (an extensive review has been pub-
lished by Pesyna [12]) included that of Hertz, Hites, and
Biemann that demonstrated improved matching by
weighting the importance of data and by limiting the
data matched to only the two most abundant peaks in
every 14 mass units [34]. Henneberg’s SISCOM com-
bines both matching and interpretive functions [4].
Mass spectrometry interpretive algorithms have
proved to be of real value to expert interpreters, al-
though detailed structure interpretation is increasingly
the province of 2-D NMR and crystallography (and
requires many orders of magnitude more sample than
mass spectrometry). In a pioneering application of
chemometrics, Isenhour emphasized the uniquely ex-
tensive diversity of mass spectrometry data with the
K-nearest neighbor (KNN) classification scheme [35].
With this, each spectrum is considered to be a point in
multidimensional data space. Each of the many hun-
dreds of possible mass positions defines an axis of the
space, with each mass’s abundance defining the dis-
tance along the axis. In theory, a global unknown mass
spectrum will be positioned anywhere in this multidi-
mensional space, emphasizing the importance of struc-
tural diversity in the reference spectral collection. How-
ever, inferring structural features of the unknown from
its “nearest neighbor” reference spectra using the KNN
technique was much less successful [36] than an Artifi-
cial Intelligence (AI) interpretive technique, the Self-
Training Interpretive and Retrieval System (STIRS) [37].
STIRS benefited from separate matching of data
classes (e.g., neutral losses, low mass ion series) known
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to be characteristic of specific functionalities. The prob-
lem of exact mass spectrometry structure identification
was further illuminated by the AI technique Dendral
[38] through calculation of all possible isomers of a
specific elemental composition; literally millions of iso-
mers sufficiently volatile to produce EI spectra are
possible for a single elemental composition of larger
species. Thus mass spectrometry restriction of a global
unknown of known composition to a relatively small
compound class could still make possible hundreds of
possible isomers [39]. Very promising results for un-
known steroid mass spectra were obtained by program-
ming of expected mass spectral fragmentations from
highly detailed (especially in isotopic labeling) basic ion
chemistry studies of a single compound class. For these
same unknown spectra STIRS gave less, but still exten-
sive, structural information [37], despite the fact that it
is only a “self-training” system without any programming
for specific EI/MS fragmentations. STIRS, SISCOM [4,
40], MSclass [6], and NIST [41] are probably the most
used interpretive algorithms today.
Number of Peaks per Spectrum
The API mass spectrum [16] of heptane (C7H16) has 73
peaks (including isotopic peaks and those from meta-
stable ions). It was obvious to early interpreters that
only a small fraction of these was useful for structural
characterization. For example, a majority of all refer-
ence spectra have a m/z 41 peak [42]; therefore, one of
;40% relative abundance in the heptane spectrum is of
little structural help, and the 15% peak at m/z 39 is even
less significant. In his keysort card system, Zemany [17]
included five or six peaks, without abundance values.
In the Hollerith punch card system [18], the 10 most
abundant plus five “peculiar” peaks were included. The
“Eight Peak Index of Mass Spectra” [43], originated by
mass spectrometry pioneer John Beynon and co-work-
ers at Industrial Chemical Industries, UK, was one of
the largest and most used databases of its time; the
spectra were ordered by each of the three most abun-
dant peaks for convenient human matching of un-
known mass spectra. The similar “Important Peak In-
dex” includes six peaks and that of the molecular ion for
the spectra of 112,000 compounds [44]. One of the most
influential matching algorithms, that of Biemann and
co-workers [34], used only the two most abundant
peaks every 14 mass units; thus the 73 heptane peaks
would be reduced to 16. For the “Probability Based
Matching System” [45] the optimum number of refer-
ence peaks was determined statistically; for heptane
(and all compounds of Mr , 171), the maximum
number of peaks used is 15. For new compounds,
scientific journals require the listing of physical data
characteristic of the compound, so it is expected that the
mass spectral data reported will be useful for identify-
ing the compound as an unknown.
Mass Spectral Matching Algorithms
Computerized systems for the retrieval of information
from libraries have been the subject of extensive studies
over several decades [46, 47]. Library information is
multidimensional; the importance of the literature
sought could depend in varying degrees on the author,
subject, year of publication, and so forth. It is well
established that the best matching reference is found
using the most accurate assignment of the importance
probabilities for such major features of the information
sought. With the initial inspiration of a pioneer in the
field, Gerard Salton [46, 47], these principles were
applied quantitatively to computerized mass spectral
retrieval in “Probability Based Matching (PBM)” [45].
Here statistical probabilities are assigned not only to the
values of the major features “mass” and “abundance,”
but also to matching that utilizes the molecular ion,
corrections for mass discrimination, peaks discarded,
and other subtleties understood by the experienced
interpreter [12–15]. Thus the degree of matching of the
unknown and reference can be converted into a “reli-
ability” value expressing the probability that the match
is correct, as evaluated using a statistically valid num-
ber of “unknown” mass spectra. The two-dimensional
evaluation system developed for library retrieval [46]
has been adapted to give the “recall/reliability” evalu-
ation for mass spectrometry matching algorithms [48].
A recent study [7] showed the superiority of PBM, so
that it will be used here.
Structural Ambiguity of Mass Spectral Data
Although EI mass spectra are by far the most used data
for classifying an unknown into a relatively small class
of structures, early interpreters soon realized that an
exact definition of the structure was possible only for
some small molecules, even if the unknown and refer-
ence spectra had been run under identical experimental
conditions. Optical (and in many cases, stereo) isomers
produce essentially identical spectra, and many types of
structural variations still produce closely similar spec-
tra. These include the positions of branching, double
bonds, and substituents (e.g., halogen) in hydrocarbons,
ring positions in aromatics, and other unimolecular ion
dissociations often classified as “random rearrange-
ments” [1, 12–15]. For C-13 NMR, each carbon atom in
a molecule produces a frequency response characteris-
tic of its structure. However, mass spectrometry masses
characteristic of a particular structural functionality are
only produced in significant abundance if cleavages of
all bonds to this functionality are relatively favorable in
the dissociation of the molecular ion. Thus m- and
p-xylene (whose NMR spectra are highly characteristic)
produce similar mass spectra because of the high dis-
sociation energy of the aromatic ring bonds of the
molecular ions. In general, cleavages are dominant at
favored radical and charge sites in the molecule [49];
small structural shifts (isomerizations) at other parts of
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the molecule thus have little effect on the mass spec-
trum, creating “blind spots” in molecular characteriza-
tion by mass spectrometry. The number of possible
isomers increases exponentially with increasing molec-
ular size [38, 39], leading to a lower probability of an
exact PBM (“Class I”) match with increasing size [50].
This basic weakness of mass spectrometry cannot be
overcome even by a perfect matching algorithm and
database. Thus these must be evaluated on the degree to
which their structural identification efficiency ap-
proaches the maximum possible by mass spectrometry.
For PBM [13], the degree of matching of the un-
known and reference spectra is converted into a statis-
tical “reliability value” expressing the quantitative
probability, relative to the structural diversity of the
database, of a correct match. The PBM “Class IV”
reliability relaxes the structural matching criteria to
include the major “blind spots” of mass spectrometry,
alerting the less experienced interpreter to the less
specific structural features of the answer, but providing
a higher reliability value for the retrieved structure
within these limitations. Thus the Class IV performance
is a better test of the database and matching algorithm
than that demanding retrieval of the exact structure
(Class I). A more comprehensive database can provide
valuable indications of these mass spectrometry struc-
tural insensitivities. For example, if an unknown is
matched with a 95% Class IV Reliability Value for both
meta- and para-xylene (better yet, several different
reference spectra of these compounds), the user is
immediately reminded of this structural blind spot of
mass spectrometry. Of course for the purpose of the
identification, isomeric differentiation may not be im-
portant to the user, e.g., he/she may know that their
toxicities are equivalent.
Quantitative Evaluation of EI/MS
Databases
This study describes a quantitative evaluation system
for mass spectrometry databases that measures their
relative capability for identification of a global un-
known. This system assumes that database quality is
dependent on two factors: (1) the probability that the
database contains a reference spectrum of the unknown
compound (or one whose structure is so similar that it
cannot be clearly differentiated by mass spectrometry,
and (2) the probability that this reference spectrum will
be retrieved in preference to those of compounds in the
database whose structures are less related to that of the
unknown.
Relative Value of Increasing the Size of the
Database
The probability that a global unknown is represented in
the database by another spectrum of that (or a closely
related) compound depends on almost an infinite num-
ber of factors for a specific unknown, as there are a
near-infinite number of possible unknown compounds,
even those of sufficient volatility for EI/MS. The
present mass spectrometry databases contain ,2% of
the compounds registered by Chemical Abstracts. De-
fining which are the “most common compounds” is
equally difficult; common environmental pollutants are
poorly represented among common components of
biological fluids, and insect pheromones can be of
compound types never before observed [51]. In fact,
there is no real justification for removing reference
spectra from a database to make it “more specialized,”
although this is a common request from new database
users. The cost will be less, at least in theory, but the
savings are a minuscule part of the total price of a mass
spectrometer system, and surely much less than the
savings from solving an important problem with the
larger database. Search speed is essentially not affected;
the 1999 Wiley database of 310K spectra can be searched
(PC) by PBM in 0.5 s. (This was the time required in
1981 for a PBM search of 41,000 spectra on a mainframe
IBM 370/168 computer [23].) If the user is only inter-
ested in identifying compounds of a specific class (e.g.,
drug metabolites), it is easier to ignore retrieved refer-
ence spectra outside this class than to restrict the
database to that specific compound class. In fact, the
skilled interpreter’s structural conclusions surely must
benefit by retrieving additional compound types whose
mass spectra are related to that of the unknown. Finally,
many cases are known in which the sample supplier
was sure the matched compound was impossible, only
to find it to be a component of a bottlecap liner,
fingerprint, dandruff, etc.
Should Chemical Abstracts, with more than 50 times
as many compounds, de-emphasize the importance of
collecting new data? Their answer obviously is “No.”
Has mass spectrometry database size reached the point
where doubling the number of compounds represented
in the database does not double its value for structural
characterization of a global unknown? When the Wiley
mass spectrometry database reached 41,000, this ques-
tion was raised by serious scientists [15]; surely a
negative answer was appropriate 15 years ago, based
on the utility of the present much larger databases. We
submit that the answer is still “No.” Less common new
compounds added to the database will be less likely to
match an unknown, but this is offset by the fact that
when such a match occurs, it will be more valuable for
structural elucidation. An added reference spectrum
that represents a new compound could also be struc-
turally similar to reference mass spectra of different
compounds already in the file, and so such new spectra
might also be considered as less valuable. Although
high reliability retrievals of several such compounds
(e.g., m- and p-xylene, vide supra) do emphasize the
blind spots of mass spectrometry for the interpreter, this
again supports the assumption that the highest match-
ing reliability value should be assigned to reference
spectra situated the most uniquely in the multidimen-
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sional phase space of EI/MS data. If the preponderance
of new EI/MS data were not in such phase space areas,
they would have a much higher probability of matching
spectra already in the database. Fortunately, as dis-
cussed in the next section (Figures 1 and 2), the negative
effect on performance of more incorrect answers in an
expanded database is unimportant [7, 9, 14].
As an illustration, the new “designer drug” China
White attracted instant publicity as the cause of a
number of overdose deaths in Los Angeles. The char-
acterization of its novel structure took over a year of
effort using several spectroscopic methods and synthe-
sis [52]. However, this resulted in the addition of
spectra of a variety of such fentanyl compounds to the
mass spectrometry (and MS/MS [53]) database, making
subsequent identification of such drugs a routine matter
by matching their mass spectra.
Of course a fundamental limitation of EI mass spec-
tra from GC/MS is the requirement of compound
volatility; the median molecular weight of the Wiley
229K database is only 267. However, EI spectra of much
larger molecules can be generated from LC/MS efflu-
ents using the particle beam interface [54]. A recent
“Account and Perspective” in this journal makes a
strong case that efficient identification of much larger
molecules will be routine with the commercial availabil-
ity of capillary-scale particle beam LC/MS interfaces
[55]. This should also engender a much larger effort to
add these reference mass spectra to the database.
In summary, if mass spectrometry database A has
spectra of twice as many compounds as database B, and
the average quality of spectra (vide infra) in both is the
same, database A will be approximately twice as valu-
able for the identification of global unknowns. For the
quantitative evaluation of database quality, a linear
relationship will be assumed between its quality and
the number of database compounds.
Other Reference Spectra of the Same Compound
For reference spectra of the same compound run with
different instrumentation, abundance variations can be
large; all mass spectrometry instruments exhibit mass
discrimination. The qualitative value of extra reference
spectra, measured in different laboratories, of the same
compound has been demonstrated convincingly. The
probability that the extra reference will be retrieved as
a “false positive” is nearly negligible by comparison.
For example, the matching performance of the same set
of unknowns against different databases of 75,000 and
229,000 reference spectra was nearly equivalent despite
the fact that the latter had over three times as many
possible wrong answers [7].
Such evaluations have used the same set of ;370
reference mass spectra of compounds statistically se-
lected from the database; it was originally shown [12]
that these unknowns give essentially the same results
(61%) as double this number of unknowns. Using a
database of 77,000 spectra [15], 74% of the best matching
answers were found correct; removing from the database
all but one reference spectrum (the one of highest Quality
Index [56] for each unknown) reduced this to 61%.
Of the 370 compounds selected as unknowns, 310 of
those in the 1994 Wiley database have at least two
reference spectra in addition to the one used as the
unknown. (Note that all “exact duplicates”, spectra
derived from the same original measurement, have
been eliminated by careful computer and human check-
ing [12–15].) Of these 310 compounds, 255 have three or
more additional references, with a further 546 reference
spectra also representing these 310 unknowns. The
effect on PBM performance of adding another nondu-
plicate spectrum of a reference compound was evalu-
ated by including (a) only one reference spectrum of
each unknown, (b) two references, and (c) all 1421
reference spectra (Figure 1). The results show an even
greater effect on the rank of the first correct answer than
with the 77,000 spectra database [15]. With one, two,
and all duplicates, the first answer is correct (Class I)
58%, 68%, and 79% of the time, respectively.
The 1994 database has three times as many possible
wrong answers as the much smaller 1982 database, yet
this has only reduced the single duplicate value from
61% [15] to 58%. Part of this decrease must be due to the
increasing diversity of instrumentation (and thus of
mass discrimination) used to measure the new un-
known and duplicate spectra. If, instead, the smaller
database had been tripled by adding two other refer-
ence spectra for each compound, the number of incor-
rect compounds retrieved would be far less than found
for the 1994 database. Thus the increase in overall
performance from 74% to 79% was reduced little by
Figure 1. Rank order of the correct matches (Class IV) for 310
unknowns using the 229K database restricted to 1, 2, and all
reference spectra of each unknown.
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incorrect retrieval of the additional references. Note that
12%, 6%, and 3% of the correct unknown spectra are not
retrieved even in the top 25 for 1, 2, and all references,
respectively, consistent with ;12% of reference spectra
as widely variant.
A more quantitative assessment of the effect of the
number of reference spectra can be obtained [48] from
the recall/reliability (RC/RL) performance plot (Figure
2). (The plot for all references for the 310 unknowns is
similar to the one from the use of all references for the
370 unknowns, Figure 3, as expected.) The effect of
extra reference spectra on the RC/RL performance (area
under the curve [46]) is dramatic; one extra reference
increases performance by 50%, while the additional 2.0
(on average) references increase this by another 39%.
From the rationale presented above, these values would
have been reduced by possibly 1% if such extra refer-
ence spectra had been added to every compound in the
database.
From this we assign the value of the second reference
spectrum of a compound as being 50% of that of its first
spectrum, 25% for the third, 12% for the fourth, 6% for
the fifth, and 3% for the sixth spectrum; for any addi-
tional spectra, the increased matching value is more or
less offset by the probability of its retrieval as a “false
positive.” Obviously, these values are increasingly in-
accurate because of data set limitations. Note that the
extra references, in contrast, reduce the maximum recall
(Figure 2), consistent with an increase in nonretrievable
references.
Relative Value of the Quality of Individual Spectra
The definition of quality for reference mass spectra has
certainly changed from that of the early API collection.
In fact, it was the impressive utility of “uncertified”
reference spectra of the 1950s that inspired the hun-
dred-fold expansion of spectral quantity using rela-
tively relaxed standards of quality. Major efforts to
require quality standards, such as the API collection,
the Archives of Mass Spectral Data [29], and the EPA
defined instrumental performance [30, 31], found little
acceptance for global unknown identification and long
ago fell into disuse. However, recent publications have
instead emphasized the importance of a greater number
of peaks per spectrum [8, 10, 11].
The Quality Index (QI) [56], the most widely used
algorithm to derive a numerical rating of reference
spectrum quality, lists seven factors: (1) source; (2)
ionization conditions; (3) higher molecular weight im-
purities; (4) illogical neutral losses; (5) isotopic abun-
dance accuracy; (6) number of peaks; and (7) lower
mass limit of peaks. Later proposals included (8) sam-
ple purity and (9) spectrometer calibration [31], and (10)
amplifier saturated peaks [57]. In addition, quality can
be lowered by (11) errors caused by instrument calibra-
tion, data transcription, nomenclature ambiguities, and
so forth. Here we will classify these as (A) errors that
can be found by human and/or computer inspection,
which would include (3), (4), (5), and (11); (B) suffi-
ciency of the data, for which (6) should be much more
important than, and also reflects, (7); and (C) the
remaining factors. For (C), (1) implies that high quality
spectra can only come from designated sources (a
politically difficult designation) and was removed in
the Dillard recommendations [58]. For (2), almost no
spectra are run anymore under other than acceptable
ionizing conditions. For (8), sample purity is seldom
Figure 2. Recall/reliability plots of the Figure 1 data, including
both Class IV and Class I matching for one reference spectrum per
unknown. Figure 3. The recall/reliability (Class IV) effect of introducing
one mass error and one abundance error in each reference
spectrum of the 370 unknowns.
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measured and is indicated by (3). For reasons discussed
above, (9) has been abandoned. Although (10), ampli-
fier saturation, can be indicated by the computer, accu-
rate correction is difficult. Thus the (C) factors will be
ignored.
Human/Computer Inspection
Verification is a responsibility always recognized by the
professional interpreter or the scientist reporting a mass
spectrum in a publication. As described in detail in the
recent Ausloos paper [10], every spectrum in the 1998
129K NIST database has been inspected by one of eight
experienced mass spectrometrists. This deleted or mod-
ified ;15,000 of the spectra, certainly an important
effort. For the 1994 229K Wiley database, approximately
50,000 spectra have been corrected over the years [9, 15]
with a combination of human and computer inspection.
As an example of the latter approach for factor (5), a
computer program accurately and efficiently checks the
abundance of isotopic peaks of the molecular ion and of
fragment ions whose isotopic peaks cannot correspond
to logical neutral losses (e.g., –CH3, –Cl). For (3) and (4),
the computer can also identify peaks due to higher
molecular weight impurities and illogical neutral losses.
However, these are not removed from the database
spectrum; instead, these are removed in peak selection
for the condensed reference spectrum used in PBM
matching [14]. It is far better to leave these peaks in the
database, as later human inspection can lead to identi-
fication of the impurity and even subtraction of its
spectrum from [59, 60].
Finally, computer-aided human inspection is the
most important in finding (factor 11) errors in mass
values, nomenclature, structures, Chemical Abstracts
Service (CAS) Registry numbers, and so forth. For the
Wiley data, the new spectrum is matched by PBM
against all previous spectra [13–15]; if it has a CAS
number, this is also matched. Both of these indicate to
the interpreter whether the database contains another
spectrum of the compound; if so, this is recorded, and
these spectra are then compared directly for experimen-
tal or transcription errors in either of the two spectra. If
no retrieved spectra are of the same compound, com-
parison of best matching spectra with the new spectrum
can still reveal errors in both old and new spectra. Such
comparisons are done directly on the computer display,
so that the interpreter can also call up other reference
spectra for comparison.
As a rather common example, the two close match-
ing spectra compared are both ethyl esters, but the
important peak at (M 2 27)1 in one has only a (M 2
28)1 for correspondence in the other. The interpreter
knows, or can ascertain by retrieving related ethyl
esters, that the double hydrogen rearrangement loss of
C2H3 yielding (M 2 27)
1 (as well as C2H4 loss) is
expected mechanistically; the (M 2 28)1 assignment
when the spectrum was measured could have resulted
from the mistaken assumption that only the single H
rearrangement is possible.
Another example taken from [10] (Figure 1) is their
editorial deletion of the base m/z 43 peak from the NIST
spectrum [3] of m-methoxyatrolactic acid amide. The
structure shown is m-CH3OC6H4CH2C(CH3)(OH)CONH2;
this surely is not the structure used in the interpretation, as it
should yield prominent peaks of masses 121 and 165
[CH3OC6H4CH2
1 and CH3OC6H4CH2C(CH3)(OH)
1] [1],
whereas the dominant high mass fragment ion is at m/z 151.
However, this is the expected benzylic cleavage product
of the correct structure, CH3OC6H4C(CH3)(OH)CONH2.
The internal functional group CH3–C–OH in this (or the
incorrect) structure would be expected to form the
stable acetyl ion CH3C§O
1 (m/z 43) by consecutive
cleavages at its central carbon atom, one with re-
arrangement loss of the hydroxyl hydrogen atom [1], in
contrast to the statement “did not correspond to a
fragment that logically could be formed” [10]. In com-
parison to the spectra of related compounds, all with
the CH3–C–OH moiety gave substantial mass 43 peaks.
This is the most intense peak from atrolactic acid itself
(85% relative abundance from its methyl ester), but the
isomer C6H5–HC(OH)–COOCH3 yields two orders of
magnitude less abundance for mass 43.
The Quantitative Effect of Mass and Abundance
Errors
Such errors are the most common type corrected; to test
their effect on matching, the PBM condensed reference
spectra of the unknown compounds were modified to
have one peak with an abundance error of a factor of 2
and another peak whose m/z value is in error by one
mass unit (one Dalton). Only half of the peaks in the
1994 Wiley database are included in the condensed
reference file, so that this is equivalent to four errors, on
average, for each full reference spectrum of the un-
knowns. For the randomly selected 370 “unknown”
spectra used previously for testing PBM [13–15, 45], the
other condensed reference spectra of these compounds
in the database were altered; for each, two of its peaks
were randomly selected, changing the abundance of
one by 30.5 or 32, and changing the mass of the other
by 21 or 11 Da. The Class IV RC/RL plot [47] of Figure
3 shows that two such errors in a reference spectrum
only diminishes the database performance (area under
the curve) by 36%. This value would be substantially
higher without PBM “peak flagging” [59] that removes
the most important nonmatching reference peak and
rematches the residual spectrum, repeating this process
twice more to find the best match.
Even with the assumption that these errors were
only found in the most important peaks of the con-
densed spectrum, the correction of one error raises
performance by 18%. From this, correction of the 50,000
spectra in the 1994 Wiley database improved its overall
matching performance, on average, by ;4%. As another
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perspective, these corrections improved database per-
formance as much as adding 9000 full spectra (4% of
229K) of new compounds. Of course, this does not
mean that errors found in using references should not
be corrected, and the submission of corrections by
expert mass spectrometrists should certainly be encour-
aged. Collecting other spectra of compounds already in
the database is especially important; the probability of
the same error in the new spectrum is very small, and
matching an unknown of this compound will automat-
ically choose the better spectrum.
In contrast to many areas of science, the main effect
of these and other errors (references, CAS numbers,
etc.) is to reduce the probability of a correct retrieval of
that reference spectrum. There is almost no chance that
a mass or abundance error will be the cause of the
reference’s retrieval with a high reliability value if the
unknown is not a related compound; a mass error could
decrease the already low false positive probability (vida
supra) of an extra reference. A wrong answer would
occur for a wrong name, but the interpreter has a
professional responsibility for finding such errors after
the retrieval. He/she should have a higher expertise for
interpreting spectra of the compound type, as well as a
higher incentive, than someone checking spectra of
random compounds of no personal interest. The Figure
3 results in no way discredit the contributions of many
skilled interpreters who corrected reference spectra
over the years [61], as these corrections are also an
important contribution to our understanding of the
basic ion chemistry that underlies all mass spectral
interpretation [1].
Quantitative Effect of the Number of Peaks
A reference spectrum of 200 peaks is not twice as
valuable as one of 100 peaks. In fact, removal of the 26
less important peaks from a reference of 52 peaks has
absolutely no effect on its utility for PBM matching, as
the PBM condensed spectrum uses a maximum of 26
peaks for compounds of molecular weight (Mr) . 600,
and less on a sliding scale down to a maximum of 15
peaks for Mr , 171. In fact, examples have been cited
of unknowns matched uniquely using only two or three
mass values [12, 62].
However, implications to the contrary have been
common [8, 10, 11], so here we study the effect of
removing less important peaks from the PBM con-
densed spectrum, thereby lowering the peak count
below the maximum assumed by PBM to give the
highest efficiency. Only reference spectra containing the
PBM maximum number of peaks could be used for this,
which restricted the unknown compound list to 363
(note that all “exact duplicate” spectra have been de-
leted [12–15]). Figure 4 shows the effect of stepwise
removal, three at a time, of the least important peaks of
the reference spectra for PBM matching of the 363
“unknown” spectra. Separate data were also gathered
on compounds of Mr , 171, 171–270, and .270 (267 is
the median Mr value of the Wiley 229K database) to
yield Figures 5, 6, and 7. For these RC/RL plots, the
relative reduction in the area under the curve was again
taken as a measure of the reduced effectiveness of the
reference spectrum for matching [46]; these values are
plotted in Figure 8 as a function of the number of peaks
in the condensed reference spectrum. Note that the
asymptotic approach of the performance to the peak
maximum values confirms the earlier assignment [14,
45] of the optimum number of peaks in the PBM
Figure 4. Effect on the recall/reliability plot (Class IV) of limiting
the number of peaks in the reference spectra of 363 unknowns.
Figure 5. The Figure 4 data for unknowns of molecular weight
,171.
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condensed spectrum; use of a larger number of refer-
ence peaks does not improve the retrieval efficiency.
Credit for this general conclusion can be traced to the
successful “two peaks every 14 mass units” algorithm
of Biemann [34].
The results of Figure 8 show clearly that reference
spectra with fewer peaks are still valuable for matching;
those with only 15 peaks are 87% as effective as those
with 150 peaks, and those with 9 peaks are still 37% as
effective. Those of Mr . 270 are affected the most by
peak removal; despite the higher uniqueness of their
larger mass values, the possible number of structurally
related compounds increases exponentially with mass
[50]. Applying these results quantitatively to evaluate
database usefulness assumes that a reference with less
than the PBM-required number of peaks still has the
statistically most important peaks; those missing would
have been selected by PBM as less important than those
that are included. Most of the peak deficient reference
spectra are from the literature; use of such references
has been repeatedly criticized [8, 10, 11]. We submit that
the peak selection criteria of the author will be similar to
those of the PBM algorithm. Besides the obvious higher
mass and abundance criteria, authors almost always
include the molecular ion and one or two “neutral loss”
peaks, as required by PBM. Even if a peak selected in
the publication is not quite as important as another
omitted, this should have far less effect on the results
below than omitting both peaks; the included peak will
give some matching credit, even if less than the more
important peak.
Thus the “(II) probability that this reference spec-
trum will be retrieved in preference to those of com-
pounds in the database whose structures are less related
to that of the unknowns” can be modified to account for
an insufficient number of peaks in the reference. For
Mr , 171, this value can be taken directly from Figure
8. For larger compounds, the molecular weight value is
used to interpolate between these data and those for
Mr 5 171–270 and .270 of Figure 8.
A Matching Quality Index of Condensed
Reference Spectra
The original mass spectral QI [56] evaluated the useful-
ness of a reference spectrum for all purposes, incorpo-
rating qualitative, intuitive weighting factors. As set
forth above, for PBM matching of global unknowns,
two factors are dominant, both applying only to the
PBM condensed spectrum: (a) its number of peaks and
Figure 6. The Figure 4 data for unknowns of molecular weight
171–270.
Figure 7. The Figure 4 data for unknowns of molecular weight
.270.
Figure 8. Effect on the matching ability of the number of peaks in
the unknown’s reference spectra vs. its molecular weight.
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(b) the presence in the database of other spectra of the
same compound. Compared to these, other factors that
are relatively unimportant include the number of cor-
rections made and source of the spectrum; impurity and
illogical neutral loss peaks are not included in the
condensed spectrum. Thus a new quality index for
matching (MQI) is proposed that reflects the value of a
reference spectrum for matching a global unknown
(this is matching by PBM; although it should be appro-
priate for other algorithms, that has not been deter-
mined). A value of unity is assigned to each reference
spectrum, and then modified: (a) if it has less than the
maximum number of peaks required for the PBM
condensed spectrum, MQI is assigned from Figure 8; (b)
if it is an additional spectrum of a compound, MQI is
also reduced as above (50% for the second spectrum,
25% for the third, etc.). Thus the maximum MQI value
of a database is its total number of spectra; if each
spectrum had only six peaks, the database MQI value
would be 13% of the maximum.
Quantitative Values for the Quality of
the Major Databases
The MQI values for the 129,136 1998 NIST, 228,998 1994
Wiley, 310,000 1999 Wiley, and 370,000 1999 Wiley/
NIST reference databases were found to be 104,025,
126,585, ;180,000, and ;220,000, respectively. From the
arguments above, the numbers reflect the relative value
of these databases for matching a global unknown, i.e.,
the Wiley/NIST database should be as useful as one
with 220,000 “perfect” spectra.
Conclusions
As scientists, we know that data accuracy should have
a high priority. However, for the collection of EI refer-
ence mass spectra, this creates a dilemma; the data for a
single spectrum are so extensive that the data tabulation
and error checking effort discourages most scientists
from contributing new spectra to widely available da-
tabases. However, the PBM matching algorithm uses, at
most, only 26 peaks, and has been designed to be
insensitive to individual errors. Similarly, scientists
publishing only the most important peaks of mass
spectra of their new compounds make a significant
contribution, and they would be discouraged by the
effort of measuring all peaks accurately. It is gratifying
that a reference spectrum of only 10 peaks (Figure 8) can
be half as valuable as one with hundreds.
Thus the most important factor for further database
improvement is to increase the number of reference
spectra. Those of unique compounds are of most value,
but the second reference of a compound is 50% as
valuable. At least for compounds with less than six
reference spectra, all new spectra should be added, as
these can be a more efficient way of identifying errors,
as well as improving matching. Most of future database
expansion will be from spectra published in the litera-
ture and from smaller private collections. Renewed,
wider publicity on the high value of “uncertified”
reference spectra should expand the number of labora-
tories making such contributions. This will continue
and expand the cooperative spirit of mass spectrom-
etrists started four decades ago that has expanded the
reference collection of EI mass spectra from 1500 in 1956
to 367,000 in 1999. The only mass spectrometry user
who does not need a larger database is the one who is
sure that every new unknown spectrum will be
matched satisfactorily with the user’s present database.
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